Macula densa cells are unique renal biosensor cells that detect changes in luminal NaCl concentration ([NaCl]
M
acula densa cells are located within the thick ascending limb (TAL) and have their basolateral membrane in contact with glomerular mesangial cells, which, in turn, are contiguous with smooth muscle cells and renin-containing granular cells of the afferent arteriole (Fig. 1A Left) . Their function is to sense changes in the luminal NaCl concentration ([NaCl] L ) and to transmit signals that cause alterations both in vascular tone of the afferent arteriole, termed tubuloglomerular feedback (TGF), and in renin secretion from granular cells of the juxtaglomerular apparatus (1) (2) (3) . Numerous investigations have sought to understand how macula densa cells sense changes in [NaCl] L and transmit information to the underlying mesangial cells. Morphological evidence for a lack of gap junctions between macula densa cells and mesangial cells argues against direct cell to cell coupling (4), and therefore it seems that the macula densa cells most likely release a humoral factor at the basolateral membrane. The list of potential mediators has included angiotensin II, thromboxane, prostaglandins, adenosine, and most recently ATP (1) (2) (3) . It has been recently reported by Yang et al. (5) that a low chloride environment stimulates prostaglandin E 2 release from a mouse immortalized macula densa cell line. Presumably, this release of prostaglandins may be related to the role of macula densa cells in controlling renin release.
As originally proposed by Burnstock (6) , it is now well established that ATP can serve as an extracellular signaling molecule. This role of ATP, and previous work suggesting an involvement of ATP in the tubuloglomerular mechanism (3, 7) , prompted us to examine whether ATP was involved in macula densa signaling. To directly establish a role of ATP in TGF signaling, it is first necessary to determine whether there is a [NaCl] L -sensitive pathway for the release of ATP at the basolateral membrane of macula densa cells. Although ATP permeability via cystic fibrosis transmembrane conductance regulator (CFTR) is somewhat controversial or questionable, there has recently been an upsurge of interest in ATP conductance through anion channels in other epithelial cells (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Thus, studies were performed to determine whether such a pathway might exist in macula densa cells and whether the pathway might be sensitive to [NaCl] L .
Materials and Methods
Tissue and Cell Preparations. By using manual dissection of kidneys obtained from rabbits, glomeruli were isolated that contained the macula densa plaque but with the removal of the surrounding TAL. This maneuver provided direct access for patch-clamping the plasma (apical and lateral) membranes of macula densa cells. For experiments shown in Fig. 3 C and D, the TAL remained intact and the basolateral membrane of the macula densa plaque was exposed by partially removing the adjacent glomerulus. Individual preparations were transferred to a Lucite chamber mounted on a Nikon TMD or Leitz Fluovert inverted microscope, and the glomerulus was mechanically fixed to the bottom of the chamber with a holding pipette.
PC12 cells were cultured as reported (18) . For experiments in Fig. 3 C and D, fura-2-loaded PC12 cells were prepared by incubation in culture media containing 5 M fura-2-AM and 1 mg͞ml Pluronic F-127 for 1 h at 37°C to facilitate dye loading.
A glomerular mesangial cell line established from an SV40 transgenic mouse was obtained from the American Type Culture Collection and cultured in a 3:1 medium of DMEM and Ham's medium F12 supplemented with 5% FBS. Fura-2-loaded mesangial cells were prepared, and measurements were performed similar to those described for PC12 cells.
Patch-Clamp Single-Channel Recordings. Cell-attached and insideout patches were obtained from macula densa cells.
Step pulses were applied from a pipette potential (V p ) of 0-50 mV in 10-mV increments. Currents were recorded at room temperature (23-26°C) with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA) or an EPC-7 or EPC-9 amplifier (HEKA Electronics, Lambrecht͞Pfalz, Germany), filtered at 1 kHz, digitized at 5 kHz, and processed through PCLAMP or PULSϩPULSFIT software.
Ringer's solution, which was used for the bathing solution consisted of (in mM) 135 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 D-glucose, and 5 Hepes͞NaOH (pH 7.4). In Fig. 1 , zero NaCl solution was obtained by substituting mannitol for 135 mM NaCl and contained 11 mM Cl Ϫ . In Fig. 2 Biosensor ATP Assays. The local concentration of released ATP at the single macula densa surface was monitored at 37°C by two biosensor techniques with PC12 cells that express P2X receptor channels. In experiments in Fig. 3 A and B , whole-cell currents were recorded at a holding potential of Ϫ50 mV from a PC12 cell that was attached to the macula densa surface as described (18) . The current responses were observed after increasing the bath [NaCl] by substituting NaCl for mannitol. The pipette (intracellular) solution contained (in mM) 150 CsCl, 1 MgCl 2 , 10 EGTA, and 10 Hepes͞CsOH (pH 7.4). In experiments in Fig. 3 C and D, fura-2 fluorescence was measured in a PC12 cell that was placed at the macula densa basolateral membrane while the TAL was cannulated and perfused with a modified Ringer's solution. This solution was composed of (in mM) 148 or 25 NaCl, 0 or 124 N-methyl-D-glucamine-cyclamate, 5 KCl, 1 MgSO 4 , 1.6 Na 2 HPO 4 , 0.4 NaH 2 PO 4 , 1.5 CaCl 2 , and 5 D-glucose (pH 7.4). A pipette was used to gently hold a PC12 cell and to position it either at the basolateral membrane of the macula densa plaque or at the basolateral membrane of an adjacent TAL cell. Fura-2 ratio, which reflects [Ca 2ϩ ] i , was measured at an emission wavelength of 510 nm in response to excitation wavelengths of 340 and 380 nm, alternated at a rate of 25 Hz by a computercontrolled chopper assembly. Autofluorescence-corrected ratios (340 nm͞380 nm) were calculated at a rate of 5 points per sec by using PTI (Photon Technologies, Princeton) software.
Results
At the apical membrane of macula densa cells, the major NaCl entry pathway is through a furosemide-sensitive Na ϩ -2Cl (19) (20) (21) . Also, previous microelectrode studies measuring membrane potentials suggested that Cl Ϫ channels are the major charge carrier across the basolateral membrane (17, 18) . To identify the presence and determine the characteristics of the anion pathway, patch-clamp studies were performed on the ''lateral'' membrane of macula densa cells, as shown in Fig.  1 A Right. A large-conductance channel of Ϸ380 pS (382 Ϯ 11 pS, n ϭ 11) was identified in cell-attached patches in the presence of 135 mM NaCl in the bathing solution (Fig. 1B Left) . Interestingly, when extracellular NaCl was removed from the bathing solution, the channel became quiescent (Center). Channel activity was regained within some 10 sec after the readdition of NaCl to the bathing solution (Right).
After excision, channel activity was maintained, and the single-channel conductance in control Ringer's solution was 380 Ϯ 9 pS (n ϭ 14). Fig. 2 illustrates channel recordings (A) and I-V relationships (B) in inside-out patches. There was a linear I-V relationship with a reversal potential close to zero (2.6 Ϯ 0.6 mV, n ϭ 12) (Fig. 2B ). This channel exhibited voltage-dependent inactivation at large potentials [ϾϮ50 mV under symmetrical ionic conditions (Fig. 2 A Left) ]. Evidence for a Cl Ϫ -permeable pathway was provided by the finding that the I-V relationship was unaltered when N-methyl-D-glucamine was substituted for Na ϩ (Fig. 2B, triangles) . Also, inward currents were reduced and the reversal potential was shifted to the left when bath [Cl Ϫ ] was lowered by substituting with gluconate ( Fig. 2 A Center and B Left, filled circles). The maxi Cl Ϫ channel was also permeable to large monovalent anions. In ion substitution experiments, the permeability ratio of this channel for gluconate relative to Cl Ϫ (P gluconate ͞P Cl ) was 0.29 Ϯ 0.02 (n ϭ 8) whereas in other experiments with aspartate, P aspartate ͞P Cl was estimated to be 0.23 Ϯ 0.03 (n ϭ 6, data not shown).
After changing the intracellular (bath) solution from control Ringer's to 100 mM ATP solution, the single-channel current profile was altered, as shown in the right side of Fig. 2 A and B , in a fully reversible manner. Significant suppression of outward Cl Ϫ conductance may suggest a blocking effect of ATP. At negative potentials there was evidence for single-channel activity with inward current jumps clearly detected at Ϫ50 mV (Fig. 2C) . Because we have shown anion selectivity of this maxi channel and because the only anions present at the intracellular surface of the patch (bathing solution) were anionic forms of ATP (under our conditions, ATP 4Ϫ and H-ATP 3Ϫ account for Ͼ87% and 12% of the ATP present, respectively), then movement of ATP must be responsible for the inward currents. In seven experiments, the permeability ratio was estimated to be P ATP ͞ P Cl ϭ 0.14 Ϯ 0.02 by assuming a valence of Ϫ4 for ATP. For comparison, a study demonstrating ATP flux through a cystic fibrosis transmembrane conductance regulator-related channel reported current jumps of 0.1 pA at Ϫ60 mV and a P ATP ͞P Cl value of 0.33 under very comparable experimental conditions (13) . In addition, a recent study from our laboratory has demonstrated ATP permeability of a maxi anion channel in C127 cells (16, 17) . Thus, ATP permeability may be a generalized property of these large anion channels.
Macula densa maxi anion channels were completely inhibited by 50 M Gd 3ϩ (n ϭ 6, data not shown), which is known to block ATP release from other cell types (14, 15, 22) and ATPpermeable maxi anion channels in C127 cells (16) . The Gd 3ϩ effect was rapidly reversible after washout. In the presence of a stilbene-derivative Cl Ϫ channel blocker, SITS (100 M, n ϭ 4, data not shown), the anion channel current was not suppressed but became noisy, suggesting a flickery block. The effect of 4-acetamido-4Ј-isothiocyanostilbene (SITS) was also fully reversible. However, channel activity was not sensitive to a carboxylate analog ClϪ channel blocker, diphenylamine-2-carboxylate (DPC; 2 mM), or 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB; 100 M; n ϭ 3; data not shown). Also, this maxi anion channel, in the inside-out patch, did not exhibit an apparent sensitivity to cytosolic Ca 2ϩ , because removal of bath Ca 2ϩ and addition of 1 mM EGTA did not alter channel activity (n ϭ 5, data not shown).
These results provide evidence for a maxi anion channel that serves as an [NaCl] L -sensitive ATP-permeable pathway in macula densa cells. What remains to be demonstrated, however, is that these cells do in fact release ATP, in an [NaCl] L -dependent manner, without mechanical perturbation by giga-sealed patch pipettes. To address this issue, we used a biosensor technique (18) for cellular ATP release by using a rat pheochromocytoma clonal cell line (PC12) that endogenously expressed a purinergic P2X receptor. P2X receptors are ligand-gated Ca 2ϩ -permeable cation channels that are activated by ATP. Therefore, ATP release can be detected from a given cell by measuring either whole-cell currents by using a patch-clamp technique or the cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ) by using the Ca 2ϩ -sensitive dye fura-2 in a PC12 cell when it is placed next to the host cell. The advantage of this bioassay is that it can be used to detect, in real time, quantitative release of ATP from single cells. As shown in Fig. 3A , a PC12 cell was placed on the macula densa plaque via a patch pipette, and whole-cell currents were measured. In response to an increase in bath [NaCl] there was the appearance of inward currents (Fig. 3B) , which represent the P2X receptor channel activity. This channel activity indicates that macula densa cells release ATP in response to an increase in bath [NaCl] . Changes in bath [NaCl] when the PC12 cell was not in contact with the macula densa failed to produce any detectable channel activity in PC12 cells. From the mean peak current density (Ϫ8.25 Ϯ 1.25 pA͞pF, n ϭ 38), the ATP concentration in the vicinity of the macula densa surface was estimated to increase up to 14.3 M (95% confidence interval 6.5-26.9 M) based on a calibration curve of ATP-induced PC12 responses (18) . A disadvantage of the preparation shown in Fig.  3A is that removal of the TAL exposes both the apical and lateral membranes of the macula densa plaque to the bathing solution so that it is difficult to ascertain the polarity of ATP release. For ATP to be involved in TGF signaling it was necessary to obtain unequivocal evidence that ATP is released at the basolateral membrane of these cells. Results shown in Fig. 3 C and D were obtained from a preparation in which the basolateral membrane of the macula densa plaque was exposed and the intact TAL was perfused with Ringer's solutions of different [NaCl] L (23, 24 ). An increase in [NaCl] L was found to significantly increase PC12 [Ca 2ϩ ] i (Fig. 3D) , supporting our suggestion that macula densa cells release ATP at the basolateral membrane. Based on a dose-response curve of PC12 [Ca 2ϩ ] i vs. exogenously added ATP, we estimate that the ATP concentration at the basolateral surface of the macula densa in the presence of increased [NaCl] L approached 10 M. In contrast, no release of ATP was found when the PC12 cell was placed on the basolateral membrane of the adjacent TAL cells and [NaCl] L was increased (n ϭ 12, data not shown). This finding eliminates the possibility that ATP from the TAL contributed to the increase in PC12 [Ca 2ϩ ] i when this cell was placed at the basolateral membrane of the macula densa. Finally, adding the P2 receptor blocker suramin (100 M, n ϭ 5, data not shown) to the bath reversibly inhibited [NaCl] Ldependent increases in PC12 [Ca 2ϩ ] i . Thus, we have concluded that a significant amount of ATP is released from the basolateral membrane of macula densa cells in response to increases in [NaCl] L , thereby raising the local interstitial ATP concentration up to a level that is sufficient to stimulate P2 purinergic receptors.
To establish a role of released ATP in macula densa cell-tomesangial cell signal transduction, it is next necessary to determine whether mesangial cells respond to ATP released at the basolateral membrane of macula densa cells. By using mouseimmortalized mesangial cells loaded with fura-2, application of 10 M ATP (Fig. 4A Left) resulted in substantial increases in intracellular Ca 2ϩ concentration. This ATP-induced Ca 2ϩ response was abolished by suramin, an antagonist of the P2-purinergic receptor (100 M, n ϭ 26, data not shown). Essentially the same Ca 2ϩ response was induced by 10 M UTP (Fig.  4A Right) , whereas 10 M to 1 mM adenosine, 10 M AMP, and 10 M ADP failed to induce Ca 2ϩ responses (data not shown, n ϭ 8-13). Thus, it seems that ATP-induced Ca 2ϩ responses were induced by activation of P2Y 2 -purinergic receptors. This finding is in good agreement with previous studies (25) (26) (27) . The concentration-response curve (Fig. 4B) shows that ATP can induce Ca 2ϩ responses at concentrations as low as 0.3 M with a half-maximal concentration of 0.84 Ϯ 0.13 M. These results support the hypothesis that mesangial cells can respond to an estimated concentration of ATP released from macula densa cells. To support this point further, a mesangial cell was placed in close proximity to the basolateral membrane of the macula densa plaque under the same experimental conditions as those shown in Fig. 3C . As shown in Fig. 4C , an increase in [NaCl] L elicited a fast and rapid increase in cytosolic Ca 2ϩ concentration (n ϭ 5). This increase in mesangial cell Ca 2ϩ concentration could also be completely inhibited by suramin (100 M, n ϭ 4, data not shown). Thus, these studies demonstrate that the cell-to-cell communication process that occurs between these two different types of cells involves the regulated release of ATP via a macula densa maxi anion channel and the subsequent stimulation of mesangial cells through P2Y 2 -purinergic receptors (as illustrated in Fig. 4D) .
We propose that the entry of NaCl into macula densa cells induces, by an unidentified mechanism, the activation of a maxi anion channel that results in the movement of not only Cl Ϫ but also anionic ATP across the basolateral membrane, thereby transmitting signals to adjacent mesangial cells (Fig. 4D) . Because the afferent arteriole expresses P2X and A 1 receptors (28) (29) (30) , it is also possible that ATP released from macula densa cells may directly, or indirectly after being metabolized to adenosine, trigger TGF signaling at the afferent arteriolar smooth muscle cells (Fig. 4D) . Several recent studies have shown a lack of TGF responses during adenosine receptor blockade or in mice deficient in the adenosine A 1 receptor (31-34). These results suggest that adenosine may either play a direct role or at least a permissive but essential role in TGF signaling. However, mesangial cells do not respond to adenosine, at least with increases in intracellular Ca 2ϩ . Recent work by Ren et al. (35) showed the necessity of an intact mesangial cell syncytium for TGF signaling and older work by Iijima et al. (36) demonstrated that Ca 2ϩ signal propagation can occur through mesangial cells. Thus, the simplest idea would be that the release of ATP across the basolateral membrane of macula densa cells would activate purinergic receptors on mesangial cells. This receptor activation would then cause the propagation of a Ca 2ϩ signal through the mesangial cells field and on to the smooth muscle cells of the afferent arteriole. Consistent with the idea of ATP-TGF signaling, Navar and colleagues (3, 37, 38) observed that ATP administration caused renal afferent arteriolar vasoconstriction whereas blockade or desensitization of purinergic receptors inhibited autoregulation and TGF responses. Also, Nishiyama et al. (7) have recently observed that the renal interstitial fluid ATP concentration varied directly with blood pressure-induced changes in renal vascular resistance.
In conclusion, this study represents a significant step forward in our understanding of the nature of the TGF signaling pathway by providing direct evidence that ATP is released from macula densa cells via a maxi anion channel in response to increased luminal NaCl concentration and thereby transmits signals to mesangial cells by activating their purinergic receptors. This work may provide a new paradigm that ATP-permeable maxi anion channels are involved in the cell-to-cell signal transduction mediated by ATP.
